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R-Parity violating minimal supergravity at the LHC
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Abstract. We consider the case where supersymmetry with broken R-parity is embedded in the
minimal supergravity model (mSUGRA). This alters the standard mSUGRA spectrum and opens a
wide range in parameter space, where the scalar tau is the lightest supersymmetric particle, instead
of the lightest neutralino. We study the resulting LHC phenomenology. Promising signatures would
be detached vertices from long-lived staus, multi lepton final states and multi-tau final states. We
investigate in detail the corresponding cross sections and decay rates in characteristic benchmark
scenarios.
PACS. 04.65.+e Supergravity – 12.60.Jv Supersymmetric models – 14.80.Ly Supersymmetric
partners of known particles
1 R-Parity violating minimal supergravity
model
The general renormalizable superpotential of the min-
imal supersymmetric extension of the SM includes lep-
ton and baryon number violating terms [1]:
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The lepton and baryon number violating interac-
tions in Eq. (1) lead to rapid proton decay [2], if si-
multaneously present. Therefore the supersymmetric
Lagrangean must respect an additional discrete sym-
metry. The most widely studied scenario is R-Parity
[3], Rp, for which W/Rp = 0. This scenario is conven-
tionally named the minimal supersymmetric standard
model (MSSM). A detailed analysis of all discrete sym-
metries within the minimal supersymmetric extension
of the SM can be found in Ref. [4].
The MSSM with Rp has 124 free parameters [5],
and without Rp more than 200. Thus it is mandatory
to consider simpler models with well motivated bound-
ary conditions at the unification scale,MGUT , because
such an extensive parameter space is intractable for
a systematic phenomenological analyses at colliders.
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Fig. 1. Parameter space around SPS1a, with A0 = −100
GeV, tanβ = 10, and sgn(µ)=+1. The bar on the right
displays the mass of the lightest stau mτ˜ . On the left side,
we show in black the excluded region due to tachyons and
LEP2 Higgs exclusion bounds. The black contour distin-
guishes between areas with τ˜ -LSP and χ˜01-LSP [9].
The most widely studied model is mSUGRA [6] with
radiative electroweak symmetry breaking [7] and con-
served Rp. This model has only five parameters (de-
fined at MGUT )
M0, M1/2, A0, tanβ, sgn(µ). (2)
Here M0 is the universal soft-breaking scalar mass,
M1/2 denotes the universal gaugino mass, A0 is the
universal soft-breaking scalar interaction and tanβ is
the ratio of the vacuum expectation values of the two
Higgs doublets. The sign of the Higgs mixing parame-
ter is sgn(µ).
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Table 1. 4-body decays of the τ˜ via a non-vanishing λ′211
coupling.
τ˜− → τ−ν¯µd¯d τ˜
−
→ τ−νµdd¯
τ˜− → τ−µ+u¯d τ˜− → τ−µ−ud¯
τ˜− → ντµ
−uu¯ τ˜− → ντνµdu¯
τ˜− → ντµ
−dd¯ τ˜− → ντ ν¯µu¯d
Fixing the five parameters (2) at the GUT scale
allows us to compute the full supersymmetric spec-
trum and couplings at the electroweak scale through
the renormalization group equations. A well studied
benchmark point is the SPS1a parameter set, M0 =
100 GeV, M1/2 = 250 GeV, A0 = −100 GeV, tanβ =
10 and sgn(µ)=+1 [8].
In Fig. 1, we present the nature of the LSP around
SPS1a for different values ofM0 andM1/2 [9]. For cos-
mological reasons, a stable LSP has to be electrically
and color neutral [10]. Therefore, the region with the
lightest stau, τ˜ , is excluded if Rp is conserved. If Rp is
violated, the τ˜ will decay into SM particles and does
not contribute to dark matter anymore1. Thus models
with R-parity violation, /Rp, reopen the τ˜ -LSP param-
eter space in Fig. 1.
We take this as a motivation to add one /Rp cou-
pling,
Λ ∈ {λijk, λ
′
ijk , λ
′′
ijk}, (3)
to the five mSUGRA parameters (2). This leads to
the Rp-violating mSUGRA model, which was consid-
ered in Ref. [12]. In the following we investigate the
phenomenology of τ˜ -LSP scenarios at the LHC.
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Fig. 2. Dynamical generation of λ233 via λ
′
211.
Note, that a /Rp coupling at the GUT scale, which
violates one lepton number, will dynamically generate
all /Rp couplings at the EW scale, which violate the
same lepton number. As an example we show the gen-
eration of λ233 via λ
′
211 in Fig. 2. The generated cou-
plings may lead to 2-body decays, which can dominate
the τ˜ decays (see below). But this strongly depends on
the scenario, i.e. Λ(MGUT ).
2 General hadron collider signatures
For small /Rp couplings, Λ <∼ O(10
−3), sparticles like
squarks will be mainly produced in pairs at the LHC.
The sparticles will cascade down in 2-body decays to
1 It was shown in [11], that small /Rp couplings can be
consistent with primordial nucleosynthesis, thermal lepto-
genesis and gravitino dark matter.
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Fig. 3. Sparticle mass spectrum for benchmark scenario
BC1 (BC2), i.e. A0 = M0 = 0 GeV, M1/2 = 400
GeV, tanβ = 13, sgn(µ)=+1, λ121(MGUT ) = 0.032
(λ′311(MGUT ) = 3.5× 10
−7) [9].
the τ˜ -LSP via the Rp gauge interactions. Since the τ˜ -
LSP can decay only via a /Rp operator, the signatures
at the LHC strongly depend on Λ. There are two dis-
tinct decay modes:
– 2-body decays: If the τ˜ directly couples to the /Rp
operator, e.g. for λ′311 6= 0, then the τ˜ will decay
via 2-body decay into SM particles.
– 4-body decays: If the τ˜ does not directly couple
to the /Rp operator, e.g. for λ
′
211 6= 0 (cf. Table 1),
then the τ˜ will decay via a 4-body decay into SM
particles.
Promising signatures of /Rp mSUGRA models with
a τ˜ -LSP are:
– detached vertices: For Λ <∼ O(10
−6), one would
observe a detached vertex, if 2-body decays domi-
nate. For 4-body decays the decay pattern is more
involved, since the τ˜ lifetime strongly depends on
the specific scenario, due to the virtual sparticles.
For Λ <∼ O(10
−2 − 10−4), then the observation of
detached vertices is more likely.
– multi lepton final states: If the dominant τ˜ de-
cay is due to λijk 6= 0, then we will obtain one lep-
ton and one neutrino (three leptons and one neu-
trino) for a τ˜ 2-body decay (4-body decay).
– multi tau final states: Supersymmetric decay
chains can involve the lightest neutralino, which de-
cays into the τ˜ -LSP and a τ via χ˜01 → τ˜
+τ−(τ˜−τ+).
4-body τ˜ decays via a virtual neutralino (τ˜− →
τ−χ˜0∗1 ) lead also to an additional tau in the final
state. Therefore, good tau identification is essential
to identify such scenarios.
– like-sign dileptons: Decays of two on-shell or vir-
tual (Majorana) neutralinos into a lepton and a
slepton can lead to like-sign dilepton events.
ForΛ >∼ O(10
−2), the /Rp operator can significantly
change the decay chains of the sparticles. Also the
mass spectrum can be significantly affected [9]. Fur-
thermore single sparticle production may dominate,
e.g., single slepton production for λ′ijk 6= 0 [13].
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Table 2. Signal rates for benchmark scenario BC1. The
numbers of electrons or muons of positive charge (first row)
and negative charge (second row) are shown. We also give
the numbers of taus with positive (third row) and negative
charge (fourth row). Furthermore, we mention, if there is
missing pT (neglecting that from τ decay) due to neutrinos
(fifth row) and we present the probability of the different
signatures (sixth row). Each event is accompanied by 2–4
jets. σtot = 4.8× 10
3 fb.
e+ or µ+ e− or µ− τ+ τ− /pT event fraction
2 2 2 2 yes 35 %
3 2 2 2 yes 12 %
2 3 2 2 yes 8.3 %
3 3 2 2 yes 7.3 %
2 2 2 1 yes 4.7 %
2 2 3 2 yes 4.3 %
2 2 3 3 yes 1.4 %
4 3 2 2 yes 1.1 %
3 Stau LSP phenomenology at the LHC.
3.1 Benchmark scenarios
In Ref. [9], four benchmark scenarios, BC1–BC4, within
the framework of /Rp mSUGRA were proposed. Three
scenarios, BC1, BC2, BC4, contain a τ˜ -LSP and BC3
a sneutrino-LSP. In the following we will consider two
of these scenarios, namely:
– BC1: M0 = A0 = 0 GeV, M1/2 = 400 GeV,
tanβ = 13, sgn(µ)=+1, λ121 = 0.032 at MGUT .
– BC2: M0 = A0 = 0 GeV, M1/2 = 400 GeV,
tanβ = 13, sgn(µ)=+1, λ′311 = 3.5×10
−7 atMGUT .
Both scenarios differ only by the non-vanishing /Rp op-
erator. The mass spectrum is shown in Fig. 3. The τ˜ is
the LSP with mτ˜ = 148 GeV. The spectrum is calcu-
lated with an /Rp version of SOFTSUSY [16]. The effect
of the /Rp operators on the sparticle masses is smaller
than 1 GeV and thus negligible. Note that for BC1 and
BC2, the NLSP to NNNLSP are nearly degenerate in
mass (me˜R = 161 GeV, mµ˜R = 161 GeV, mχ˜0
1
= 162
GeV).
3.2 Signal rates at the LHC
We now investigate the signatures at the LHC at par-
ton level. We use a modified version of HERWIG [15],
which contains all 2- and 4-body decays of the τ˜ -LSP.
All other decay rates of sparticles are calculated with
ISAWIG1.200 and ISAJET7.64 [14].
We show the signal rates of the benchmark scenario
BC1 in Table 2. The total cross section for all sparti-
cle pair production processes is σtot = 4.8 × 10
3 fb.
Each event is accompanied by four or more electrons
or muons in the final state. These leptons allow for
triggering and for reconstruction of the event. Most
of these leptons originate from the 4-body decays of
the τ˜ -LSP via λ121, see Table 3. We also observe in
Table 3. Dominant branching ratios (BR) of the LSP, · · · ,
NNNLSP for benchmark scenario BC1. /Rp BRs are bold
face [9].
mass [GeV] channel BR channel BR
τ˜−1 148 µ
+ν¯ee
−τ− 32 % e+ν¯µe
−τ− 32 %
µ−νee
+τ− 18 % e−νµe
+τ− 18 %
e˜−R 161 e
−νµ 50 % µ
−νe 50 %
µ˜−R 161 τ˜
+µ−τ− 51 % τ˜−µ−τ+ 49 %
χ˜01 162 τ˜
+
1 τ
− 50 % τ˜−1 τ
+ 50 %
Table 4. Same as Table 2, but for benchmark scenario
BC2. Each event is accompanied by 6-8 jets.
e+ or µ+ e− or µ− τ+ τ− /pT event fraction
0 0 1 1 no 14 %
0 0 2 0 no 7.1 %
0 0 0 2 no 6.8 %
1 0 1 1 yes 6.5 %
0 0 1 1 yes 4.5 %
1 0 0 2 yes 3.3 %
1 0 2 0 yes 3.2 %
1 1 1 1 yes 2.4 %
Table 5. Same as Tab. 3, but for benchmark scenario BC2
[9].
mass [GeV] channel BR channel BR
τ˜−1 148 u¯d 100 %
e˜−R 161 τ˜
+
1 e
−τ− 51 % τ˜−1 e
−τ+ 49 %
µ˜−R 161 τ˜
+
1 µ
−τ− 51 % τ˜−1 µ
−τ+ 49 %
χ˜01 162 τ˜
+
1 τ
− 50 % τ˜−1 τ
+ 50 %
Table 3, that the e˜R decays into a lepton and neu-
trino, since it directly couples to the L1L2E¯1 opera-
tor. Each 4-body decay and each χ˜01 decay is accom-
panied by a tau, which leads to 4 taus in most of the
events. Thus a good tau identification would help to
identify this scenario. The low-pT taus will be invisi-
ble, yet the high energy tail, pT ≥ 30 GeV, see Fig.
4, is useful. The small number of jets (2-4 jets) give
only a small combinatorial background for tau identi-
fication via hadronic decays. Finally, each 4-body de-
cay includes a final-state neutrino, resulting in miss-
ing transverse momentum, /pT , shown in Fig. 4. This
is however reduced compared to the Rp-MSSM, where
the /pT peaks roughly around 100 GeV.
We now move on to BC2, where we have λ′311 =
3.5×10−7 atMGUT . This changes the LHC signatures
in a significant way, as can be seen in Table 4. Most
of the electrons and muons are absent. The τ˜ -LSP is
completely dominated by 2-body decays into two jets,
see Table 5. Unlike in BC1, the LSP decays are neutri-
noless, meaning that SUSY events do not necessarily
have the classical signature of missing transverse mo-
mentum. Most events are accompanied by two taus,
which originate mainly from χ˜01 decays, see Table 5.
These taus are much harder to identify compared to
BC1. On the one hand, the average pT values of the
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Fig. 4. pT distribution of the τ from τ˜ → τ + X (left)
and pT distribution of the neutrinos (right) in benchmark
scenario BC1.
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0
1 → τ τ˜ (left) and pT
distribution of the d-jets from τ˜ → ud (right) in benchmark
scenario BC2.
taus are smaller, as can be seen in Fig. 5. On the other
hand, the additional 6-8 jets in each event makes their
identification difficult. But there will be a detached
vertex, since the decay length in the rest frame of the
τ˜ -LSP is cττ˜ ≈ 0.3 mm. The two jets from the 2-body
decay make it possible to reconstruct the τ˜ -LSP mass.
We show the pT distribution of one of these jets in Fig.
5.
4 Summary and conclusion
We have shown that minimal supergravity (mSUGRA)
models often provide a scalar tau instead of the light-
est neutralino as the lightest supersymmetric particle
(LSP). If R-Parity is violated, the stau will decay into
SM particles and does not contribute to dark matter.
This reopens a large part of the mSUGRA parameter
space, where the stau is the LSP. We have analysed
in detail the LHC phenomenology of two benchmark
scenarios with a stau-LSP. Although both scenarios
posses the same mass spectrum, their signatures are
different. In the first benchmark scenario, BC1, the
stau-LSP decays via a 4-body decay into a tau, two
leptons and one neutrino. In the second benchmark
scenario, BC2, the stau-LSP decays into two jets. We
have to be prepared to observe SUSY events at the
LHC, which are different from the standard signatures.
In particular SUSY events must not have large missing
transverse momentum.
We conclude that further investigations of stau-
LSP models from the phenomenological as well as from
the experimental side are required. We have to classify
and analyse all possibilities of the R-Parity violating
mSUGRA parameter space, if we want to discover su-
persymmetry and its connection to physics at the GUT
scale.
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